<^CIJPlTYClASSlF'CATlON  OF  THIS  PAGE 


DECLASSlFICATION/OOWNG 


CU MENTATION  PA6E 


lb  RESTRICTIVE  MARKINGS 


3  DISTRIBUTION/ AVAILABILITY  OF  REPORT 

Uni i mi  ted 


S  MONITORING  ORGANIZATION  REPORT  NIlURFRftt 

•  AFOSR-m.  87-0  690 


i  NAME  OF  PERFORMING  ORGANIZATION 

Environmental  Research 
Institute  of  Michigan 


:  AOORESS  (City.  Stale,  am)  ZIP  Code) 

5.0.  Box  8618 
Ann  Arbor,  MI  48107 


8a  NAME  OF  FUNOING  /SPONSORING 

Oe^l'&A ^Jvanced  Research 


i  J  k  •  ■  i  a  •*  %-wiu  1 4 1  in' J 


8c  AOORESS  i City  State,  and  ZIP  Code) 

1400  Wilson  Blvd. 
Arlington,  VA  22209 


6b  OFFICE  SYMBOL  7a .  >uuf  of  uomitdring  organization 
inapplicable,  ftfQSQ- 


7b  AOORESS  I  City.  State,  and  ZIP  Code) 


8b  OFFICE  SYMBOL 
HI  applicable) 

jU£, 


INOP  iNtT 
ACCc'.j.ON  NO 


tt  TITLE  (include  Secruity  Classification) 

Optical  Switching  by  Stimulated  Thermal  Rayleigh  Scattering 


12  PERSONAL  AUTHORiSi 

Lauren  M.  Peterson 


13a  TYPE  OF  REPORT 

Semi-Annual 


16  SUPPLEMENTARY  NOTATION 

ARPA  Order  4952 
Proaram  Code  3010 


17  COSATI  COOES 


13b  TIME  COVEREO  U  OATE  OF  REPORT  (Year  Month  Day) 

frhu  6/15/84  2/15/85  June  1986 


Contract  Number  F49620-84-0067 
Contract  Period:  6/15/84-12/15/86 


SUBGROUP 


18  SUBJECT  TERMS  I  Continue  on  reverie  it  necessary  and  identity  by  bioi 

Optical  Computing  Nonlinear  Optics 

Thermal  Effects  Optical  Switching 

Stimulated  Scattering 


y  block  numoer  i 


'9  ABSTRACT  /Continue  on  reverse  1 1  necessary  and  identity  by  block  number i 

Preliminary  experiments  were  conducted  whose  ultimate  goal  is  to  develop  all- 
optical  control  functions  useful  in  an  all-optical  or  optical -electronic  hybrid 
digital  computer  or  for  optical  interconnects.  Stimulated  thermal  Rayleigh 
scattering  (STRS)  based  upon  generator  experiments  was  pursued  for  scattering 
angles  of  90°  and  180°  (backscatterlng).  A  pulsed  nitrogen  laser  pumped  dye 
laser  served  as  the  radiation  source  and  the  interaction  medium  was  a  liquid  to 
which  an  absorbing  dye  was  added. 

The  generator  experiments  did  not  lead  to  stimulated  scattering  due  to  the 
limited  output  power  of  the  laser  and  its  multi- longitudinal  spectral  mode 
content.  STRS  amplifier  experiments  were  successful  and  gain  was  observed  and 
studied  parametrically  using  eosine  dye  In  ethanol.  The  gain  was  found  to 
Increase  (although  the  gain  coefficient  decreased)  with  Increasing  pump  power 
and  the  gain  was  found  to  be  a  maximum  at  an  absorption  coefficient  of  about 


20  OISTRiBUTlON/AVAILABlLlTY  OF  ABSTRACT 
C  UNCLASSIFIED/ UNLIMITED  C  SAME  AS  RPT 


21  ABSTRACT 


C  OTIC  USERS 


OSSIFICATION 


00  FOOM  1473. 84  MAR 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE 


UNCLASSIFIED 

security  classification  of  this  page 


2.6  cm"^.  These  studies  will  be  continued  along  with  analytical  modeling  in 
order  to  characterize  the  interaction  and  to  onable  the  optimization  of  the 
scattering  process. 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE 


175900-8-T 


AFOSK.T** 


8  7  * o  693 


Semi-Annual  Report 

OPTICAL  SWITCHING  BY 
STIMULATED  THERMAL  RAYLEIGH 
SCATTERING 


L.M.  PETERSON 

Optical  Science  Laboratory 

Advanced  Concepts  Division 

JUNE  1986 


AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH  <A rcp\ 

NOTICE  OF  TRANSMITTAL  TO  DT|C  (AfSC> 

This  rociinical  report  hss  been  reviewed  and  is 

approvea  for  public  release  IAW  AFR  190- ip 

Distribution  is  unlimited 

MATTHEW  J.  KERPER 

Chief.  Technical  Information  Division 


distribuUon^Alued!33*  *’ 


The  views  and  conclusions  contained  in  this  document  are  those  of 
theauthors  and  should  not  be  interpreted  as  necessarily  representing 
the  official  policies,  either  expressed  or  implied,  of  the  Defense 
Advanced  Research  Projects  Agency  or  the  U.S.  Government. 


Defense  Advanced  Research  Projects  Agency 
1400  Wilson  Blvd. 

Arlington,  VA  22209 


2p 


G 


ABSTRACT 


Preliminary  experiments  were  conducted  whose  ultimate  goal  Is  to 
develop  all-optical  control  functions  useful  In  an  all-optical  or 
optical -electronic  hybrid  digital  computer  or  for  optical  intercon¬ 
nects.  Stimulated  thermal  Rayleigh  scattering  (STRS)  based  upon  gen¬ 
erator  experiments  was  pursued  for  scattering  angles  of  90°  and  180 
(backscatterlng) .  A  pulsed  nitrogen  laser  pumped  dye  laser  served 
as  the  radiation  source  and  the  Infraction  medium  was  a  liquid  to 
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which  an  absorbing  dye  was  added. 


s7‘ 


STRS  amplifier  experiments  were  successful  and  gain  was  observed 
and  studied  parametrically  using  eosine  dye  in  ethanol.  The  gain 
was  found  to  increase  (although  the  gain  coefficient  decreased)  with 
increasing  pump  power  and  the  gcin  was  found  to  be  a  maximum  at  an 
absorption  coefficient  of  abcit  2.6  cm'*.  The  generator  experi¬ 
ments  did  not  lead  to  stimulated  scattering  due  to  the  limited  output 
power  of  the  laser  and  its  multi-longitudinal  spectral  mode  content. 
These  studies  will  be  continued  along  with  analytical  modeling  in 
order  to  characterize  the  interaction  and  to  enable  the  optimization 
of  the  scattering  process. 
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PREFACE 

The  work  reported  here  was  performed  In  the  Optical  Sciences 
Laboratory,  which  Is  part  of  the  Advanced  Concepts  Division  at  ERIH. 
The  work  was  supported  by  the  Defense  Advanced  Research  Projects 
Agency  under  the  direction  of  Dr.  John  A.  Neff  and  was  monitored  by 
the  Air  Force  Office  of  Scientific  Research  under  Contract  No. 
F49620-84-C-0067.  Col.  Robert  Carter  was  program  manager  for  the 
AFOSR  during  the  Initial  phases  of  this  program  and  was  replaced  by 
Dr.  Lee  Giles  later  on  In  the  program. 

This  seirf -annual  technical  report  covers  work  performed  from  15 
June  1984  to  15  February  1985.  The  principal  Investigator  at  ERIM 
was  Dr.  Lauren  M.  Peterson  and  Patrick  Hamilton  was  a  major  contribu¬ 
tor  to  the  experimental  work. 


v 


Jm 


CONTENTS 


Abstract . Ill 

Preface . . . v 

List  of  Figures . vl  1 1 

1.  Introduction  and  Simnary . 1 

2.  Generator  Experl ment . 2 

3.  Gain  Experiments . 6 

3.1  Experimental  Arrangement  6 

3.2  Gain  Measurements  8 

4.  Summary . 12 

Appendix  A-l.  Phase  Matching . 13 

Appendix  A-2.  Gain  Computations . 15 

Appendix  A-3.  Stimulated  Scattering  at  90° . 18 

Appendix  A-4.  Optical  Control  Using  Stimulated  Light  Scattering . 21 

References . 27 


vl  1 


LIST  OF  FIGURES 


Figure  2-1.  Generator  Experiment . 

Figure  2-2.  Oscilloscope  Trace  of  Dye  Laser  Pulse . 

Figure  3-1.  Experimental  Arrangement  for  Measuring  Gain  Due 
to  STRS . 

Figure  3-2.  Measured  Gain  (lnr)  and  Gain  Coefficient  for 

Eoslne  Dye  In  Ethanol . 


Figure  A2-1.  Gain  Measurements . 

Figure  A3-1.  Longitudinal  Focal  Geometry  Using  a  Spherical  Lens. 
Figure  A3-2.  Transverse  Focal  Geometry  Using  a  Cylindrical  Lens. 


2p 


OPTICAL  SWITCHING  BY  STIMULATED  THERMAL 
RAYLEIGH  SCATTERING 


1 

INTRODUCTION  AND  SUMMARY 

During  the  first  experimental  phases,  attempts  were  made  to  ex¬ 
plore  stimulated  thermal  Rayleigh  scattering  (STRS)  based  upon  gen¬ 
erator  experiments.  Conventional  180*  backscattered  STRS  [1-4]  was 
pursued  using  usual  spherical  optics  and  also  the  less  conventional 
90°  scattering  which  was  proposed  by  us  using  cylindrical  optics. 
Neither  effects  were  observed,  probably  due  to  the  limited  power 
output  of  our  pulsed  dye  laser  source.  Significant  power  Is  required 
for  generator  experiments  since  the  source  of  the  STRS  Is  only  spon¬ 
taneous  Rayleigh  noise.  Also,  the  multi -longitudinal  mode  output  of 
the  dye  laser  may  have  been  an  additional  deterrent. 

The  generator  experiments  were  therefore  temporarily  abandoned 
In  favor  of  more  basic  and  controllable  amplifier  experiments.  Here, 
Instead  of  a  signal  which  originates  from  spontaneous  noise,  a  signal 
of  chosen  magnitude,  direction,  and  frequency  Is  Injected  and  gain 
Is  measured  parametrically. 

Using  spherical  optics  and  a  single  beam  of  focused  pump  radia¬ 
tion,  the  gain  favors  scattering  at  the  larger  angles.  Since  the 
Interaction  region  Is  longest  along  the  optic  axis,  180*  backscatter- 
Ing  Is  maxlmua.  Gain  experiments  were  therefore  conducted  with  a 
forward  traveling  pump  and  a  backward  traveling  probe  beam  whose 
frequency  could  be  shifted  using  an  acousto-optic  modulator.  Gain 
was  observed  using  eoslne  dye  In  ethanol.  The  gain  was  found  to 
Increase  with  Increasing  pump  power  while  the  gain  coefficient  was 
found  to  decrease  with  Increasing  pump  power.  Gain  was  found  to 
maximize  at  about  0.08  cm/Mw  for  an  absorption  coefficient  of  about 
2.6  cm"1. 
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GENERATOR  EXPERIMENT 


Experiments  were  attempted  to  observe  90°  STRS  (Appendix  A-3)  in 
absorbing  liquids  using  cylindrical  optics  as  shown  In  Figure  2-1. 
Radiation  from  our  Molectron  SP-10  nitrogen  laser  pumped  dye  laser 
(Table  I  and  Figure  2-2)  was  weakly  focused  In  one  dimension  using 
an  80  mm  focal  length  cylindrical  lens,  and  tightly  focused  using  a 
25  mm  or  18  mm  focal  length  microscope  objective.  The  presence  of 
the  cylindrical  lens  results  In  two  orthogonal  lines  of  focus  to  be 
formed.  A  glass  cuvette  containing  a  liquid  sample  was  placed  so 
that  the  first  and  horizontal  line  focus  was  situated  at  Its  center. 
An  f/2  camera  lens  was  used  to  gather  radiation  emanating  from  this 
line  focus  and  direct  this  radiation  to  an  RCA  1P28  photomultiplier 
tube.  Appropriate  baffling  was  required  to  prevent  light  scattered 
by  the  cuvette  walls  from  getting  to  the  PM  tube. 

The  Molectron  SP-10  laser  was  operated  using  coumarlne  500  dye 
with  output  at  0.5  urn  and  rhodamlne  6  G  at  0.59  um  to  provide  pump 
radiation.  A  sample  cuvette  filled  with  water  to  which  a  drop  of 
milk  was  added  as  a  scatterer  facilitated  the  alignment  process. 
Methanol,  carbon  disulfide,  and  carbon  tetrachloride  solvents  were 
used  along  with  Iodine  as  an  absorber  for  observing  STRS.  Although 
several  solvents  and  numerous  dye  concentrations  (absorptlvltles  from 
0.3  to  2.0  cm'1)  were  used,  no  significant  scattering  attributable 
to  STRS  was  observed. 
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Lc  Ls  Sample 


Figure  2-1  Generator  Experiment.  The  dotted  lines 
represent  rays  in  a  plane  orthogonal  to 
that  of  the  figure  resulting  in  a  line 
focus  within  the  sample. 
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TABLE  I 

MOLECTRON  SP-10  LASER  SPECIFICATIONS 


N2  Laser 

Wavelength 
Energy  per  Pulse 
Pulse  Width 
Peak  Power 
Beam  Size 
Beam  Divergence 
Radiation  Rate 
Gas  Pressure 
★ 

Dye  Laser 


337.1  nm 
0.5  mJ 

9  *  0.5  nsec 
50  KW 

1.5  x  25  mm 

7  x  0.8  mrad  (half  angle) 
0  -  120  pps 
25  torr 


Wavelength  Range 
Line  Width  (FWHM) 
Pulse  Width 
Beam  Diameter 
Cavity  Length 


360  -  740  nm 

0.3  nm,  12  cm-1,  360  GHz 
7  nsec 

0.6  mm  (nominal) 

12  cm 


Coumarln  500  Rhodamlne  6  G 

(500  nm)  (590  nm) 


Peak  Power  10  Kw  5  Kw 

Energy  per  Pulse  70  wJ  35  uJ 


*Dye  cuvette  with  stirrer;  Llttrow  grating. 
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Figure  2-2  Oscilloscope  trace  of  dye  laser  pulse.  The 
risetime  is  limited  by  that  of  the  300MHz 
preamp.  (Note  the  cable  reflection  at  30  nsec.) 
10  nsec/division. 
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GAIN  EXPERIMENTS 


Generator  experiments  In  stimulated  scattering  rely  upon  sponta¬ 
neous  scattering  or  spontaneous  noise  as  the  Initiating  signal  which 
Is  amplified  to  levels  approaching  the  magnitude  of  the  pump  laser 
Itself.  Since  the  spontaneous  scattered  radiation  Is  extremely  weak, 
total  gains  on  the  order  of  e^,  10^ 3  or  130  dB  are  required. 
(Spontaneous  scattering  has  an  efficiency  of  about  10“6  and  Is 
omnidirectional,  scattering  the  light  Into  a  full  4t  steradlans. 

The  laser  and  stimulated  scattering,  however,  are  unidirectional  with 

-3 

a  divergence  of  only  about  10  radians  or  a  solid  angle  of  only 
10“6  steradlan.  Spontaneous  scattering  therefore  provides  only 
10‘6  x  10-6  t  4*  or  about  10~13  of  the  Incident  radiation  to 
Initiate  the  stimulated  scattering  process.)  If  however,  a  modest 
signal  at  the  control  of  the  experimenter.  Is  Injected  with  the 
proper  characteristics,  amplification  or  gains  as  small  as  e0*1  or 
0.5  dB  can  be  measured. 

3.1  EXPERIMENTAL  ARRANGEMENT 

First  attempts  were  made  to  obtain  gain  In  the  90°,  transverse 
geometry  of  Figure  2-1,  but  this  was  quickly  abandoned  due  to  the 
difficulty  of  Injecting  a  signal  beam  along  the  tranverse  focal  vol¬ 
ume  whose  dimensions  were  only  about  15  x  500  x  500  urn.  The  longi¬ 
tudinal  geometry  of  Figure  3-1  was  adopted  and  uses  strictly  spheri¬ 
cal  optics  such  that  gain  Is  measured  In  the  backward  direction. 

Radiation  from  the  Molectron  SP-10  nitrogen  laser  pumped  dye 
laser  (5.5  kw,  44  mJ,  7  nsec  at  0.51  nm)  was  focused  Into  the  1  cm 
square  sample  cuvette  using  a  48  mm  focal  length  microscope  objective 
lens  L2.  A  variable  neutral  density  filter,  N,  was  used  to  control 
the  power  level  of  this  pump  radiation,  and  a  beamsplitter,  S2, 
which  preceeded  the  focusing  lens  was  used  to  sample  the  radiation 
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Figure  3-1  Experimental  arrangement  for  measuring  gain  due  to  STRS. 


and  direct  it  to  a  high-speed  PIN  (HP  4203)  photodiode,  . 
Roughly  2  percent  of  the  pump  radiation  was  directed,  using  an  un¬ 
coated  microflat  plate  beamsplitter,  S^,  along  a  separate  path  to 
the  sample  cell.  This  radiation  could  be  up-  or  down-shifted  In 
frequency  from  30  to  50  MHz  (or  possibly  multiples  of  these  frequen¬ 
cies  if  higher  orders  were  used)  using  an  acousto-op tl cal  cell  before 
being  focused  into  the  sample  cuvette  using  another  48  mm  focal 
length  microscope  objective  lens  LI.  With  care,  the  two  opposing 
beams  could  be  made  precisely  counterpropagatlng  but  precise  overlap 
of  the  two  beams  at  their  30  um  diameter  focus  was  difficult.  It 

Q  O 

was  found  that  the  power  density  (~  10  w/cm  )  of  the  focused 
pump  beam  was  sufficient  to  burn  a  small  hole  through  a  piece  of 
metal  foil  held  In  place  at  the  center  of  the  cuvette  within  the 
liquid  sample.  Transverse  displacement  of  the  probing  signal  beam 
by  transverse  alignment  of  the  focusing  lens  optimized  the 
transmission  of  the  probe  radiation  through  the  burned  aperture. 
The  same  beamsplitter,  Sg,  which  sampled  the  Incident  pump 
radiation  was  used  to  sample  the  transmitted  probe  radiation  as 
shown  in  the  figure.  Gain  was  Indicated  If  the  signal  at  this 
second  detector  was  greater  In  the  presence  of  the  pump  radiation 
than  In  Its  absence. 

3.2  GAIN  MEASUREMENTS 

Measurements  were  made  using  the  experimental  configuration, 
shown  in  Figure  3-1,  with  the  Molectron  SP-10  nitrogen  laser  pumped 
dye  laser.  Approximately  0.1  percent  or  5  watts  of  peak  power  was 
focused  into  the  sample  cuvette  using  lens  L-j ,  and  the  signal 
level  was  measured  using  detector  Dg  In  the  absence  of  any  pump 
radiation.  In  the  presence  of  pump  radiation  (variable  up  to  5  KW), 
focused  Into  the  cuvette  by  lens  Lg,  an  Increase  In  signal  at  de¬ 
tector  0g  is  Indicative  of  gain,  or  amplification  of  the  probe 
beam.  (Pump  light  backscattered  from  lens  Lg,  the  sample  cuvette 
or  any  other  optics  was  determined  by  blocking  the  probe  beam  and 


measuring  the  radiation  at  02.  This  level  was  subtracted  from  the 
measurements  at  D2  In  determining  the  gain.) 

Gain  measurements  were  attempted  for  several  solvent-dye  combina¬ 
tions  including  CS2,  CC14,  CH3OH  and  C2Hg0H  with  I2  or 
eoslne.  Significant  gain  was  measured  using  eoslne  dye  In  ethanol, 
absorption  coefficients  of  about  0.9  cm"1  at  500  nm  and  2.6  cm"1 
at  52.5  nm.  Figure  3-2  shows  how  the  gain  (in  t  )  and  gain  coeffi¬ 
cient  (g)  vary  as  a  function  of  the  Incident  pump  power  level  for 
the  laser  tuned  to  the  two  different  wavelengths.  The  nonlinear 
gain  Increases  with  increasing  pump  power  while  the  gain  coefficient 
decreases  with  pump  power.  We  assume  that  the  gain  mechanism  Is  due 
to  the  beating  between  the  strong  pump  radiation  and  the  weak  probe 
radiation  to  create  a  standing  wave  fringe  pattern  In  the  sample. 
Through  absorption  and  thermal Izatl on,  a  standing  wave  phase  grating 
Is  formed,  which  Is  able  to  diffract  (Bragg  reflect)  the  Incoming 
pump  radiation.  The  amplified  probe  radiation  is  actually  reflected 
copropagating  pump  radiation. 

Phase  matching  of  the  Bragg  reflected  pump  radiation  with  the 
probe  radiation  should,  according  to  STRS  theory  [1,  3,  4],  require 
a  slightly  higher  frequency  for  the  probe  beam  relative  to  the  pump 
beam  (a  slightly  lower  frequency  should  lead  to  Bragg  reflection  of 
the  probe  radiation,  l.e.,  loss  for  the  probe  beam  and  amplification 
for  the  pump  beam).  He  observed  no  difference  In  gain  between  un¬ 
shifted  probe  radiation  and  probe  radiation  which  was  either  up-  or 
down-shifted  by  40  MHz  In  our  experiments. 

The  gain  coefficients  In  Figure  3-2  are  significantly  less  than 
the  0.2  cm/Mw  which  Is  considered  typical  for  STRS  [2-4].  These  low 
values  and  our  Inability  to  generate  STRS  from  spontaneous  noise 
[Section  2]  may  be  due  to  the  multimode  nature  of  the  dye  laser  out¬ 
put.  From  Table  I,  according  to  the  manufacturers  specifications, 
the  laser  llnewldth  Is  about  360  GHz  (or  more)  whereas  the  separation 


Figure  3-2>  Measured  gain  (Inx)  and  gain  coefficient 
for  eoslne  dye  in  ethanol. 


between  laser  resonator  inodes  (c/2L)  Is  2.5  GHz  leading  us  to  expect 
about  144  modes  oscillating  simultaneously.  Since  the  average  laser 
power  per  mode  Is  the  total  power  divided  by  the  number  of  modes, 
the  gain  coefficient  per  mode  may  therefore  be  Increased  by  a  factor 
equal  to  the  number  of  modes.  Or.  examining  the  theoretical  equation 
for  the  gain  [1.3.4],  a  broadband  laser  can  be  expected  to  have  a 
gain  coefficient  which  Is  reduced  by  a  factor  of  rL/rR  (where 
rL  and  rr  are  laser  and  Rayleigh  llnewldths  respectively)  over 
that  for  a  narrow  ( rL  <<  rR)  laser  llnewldth. 
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SUMMARY 

Preliminary  experiments  were  conducted  which  examined  stimulated 
thermal  Rayleigh  scattering  as  a  mechanism  for  achieving  optical 
control  functions.  Generator  experiments  for  producing  high  Inten¬ 
sity  directional  scattered  radiation  which  originates  from  amplified 
spontaneous  noise  radiation  requiring  gain  on  the  order  of  e^  was 
not  observed  with  our  pulsed  nitrogen  laser  pumped  dye  laser. 

Amplifier  experiments  were  successful  and  gains  on  the  order  of 

2 

e  were  observed  for  eoslne  dye  In  ethanol  with  an  absorption 
coefficient  of  about  2.6  cm”1.  The  greatest  gain  coefficient 
which  we  measured  was  0.08  cm/Mw  and  Is  within  a  factor  of  3  of  what 
Is  considered  typical  for  STRS  [3]. 

The  Inability  to  observe  STRS  which  Is  amplified  from 
spontaneous  noise  and  the  low  gain  observed  In  the  amplifier 
experiments  Is  likely  attributable  to  the  spectrally  broad, 
multi -longitudinal  mode  laser  output  of  our  dye  laser.  The  use  of  a 
spectrally  narrower  laser,  either  by  modification  of  our  existing 
laser  or  by  purchasing  a  replacement  laser,  will  be  pursued  In 
subsequent  phases  of  this  program. 
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APPENDIX  A-l 
PHASE  MATCHING 

Any  gain  Imparted  to  the  probing  signal  radiation  Is  presumeably 
a  consequence  of  the  beating  between  the  signal  radiation  and  the 
pump  radiation  which  leads  to  a  standing  wave  or  fringe  pattern  In 
the  Interaction  medium.  If  the  probe  radiation  Is  exactly  the  same 
frequency  as  the  pump  radiation,  then  the  fringe  pattern  Is  station¬ 
ary  In  space.  If  the  probe  radiation  frequency  Is  different  from 
the  pump  frequency,  then  the  fringe  pattern  moves  longitudinally. 
This  motion  mqy  serve  to  provide  phase  matching  In  the  two-wave  mix¬ 
ing  process. 

The  Interference  pattern  created  by  the  Interaction  of  the 
counter-propagating  beams  leads  to  a  thermal  fringe  pattern  due  to 
the  absorption  by  the  dye  present  In  the  liquid  sample.  This  thermal 
fringe  pattern  leads  to  a  refractive  Index  fringe  pattern  or  phase 
grating  according  to  the  magnitude  of  dn/dT  for  the  liquid  solvent 
(-dn/dT  *  10~**K"*  for  liquids  [5]  and  10‘®*K"*  for  solids 

[6]).  Since  the  standing  wave  spatial  periodicity  Is  xQ/2n,  the 
Bragg  condition  for  180*  backscatterl ng  of  the  pump  radiation  Is 
satisfied.  What  appears  as  gain  of  the  probe  signal  radiation  Is 
actually  pump  radiation  which  has  been  redirected  (reflected)  by 
Bragg  scattering  to  propagate  with  the  transmitted  signal  radiation. 

If  the  path  length  difference  between  the  pump  beam  and  the  probe 
beam,  measured  from  the  beamsplitter  to  the  focal  region  In  the 
cuvette  Is  greater  than  the  coherence  length  of  the  laser,  then  the 
Instantaneous  frequency  of  the  pump  and  probe  beams  will  be  different 
enough  such  that  the  Interference  fringes  will  move  back  and  forth 
In  time  such  that  the  time  averaged  pattern  Is  washed  out  and  little 
or  no  gain  can  be  expected.  If,  however,  the  path  lengths  are  equal 
to  within  a  coherence  length,  and  the  fringes  can  be  made  to  move  at 
a  slow,  constant  velocity,  then  the  gain  might  be  enhanced  due  to 
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enhanced  phase  matching  between  the  scattered  pump  radiation  and  the 
transmitted  probe  radiation.  The  velocity,  v,  for  enhanced  phase 
matching  would  approximately  correspond  to  motion  of  a  half¬ 
wavelength  In  the  time  corresponding  to  the  thermal  relaxation  time, 
l.e.,  v  «  x/2t.  This  fringe  motion  can  be  established  by  shifting 
the  frequency  of  the  probe  radiation  by  an  amount 


Since  thermal  relaxation  times  are  on  the  order  of  10~8  sec  [7], 
this  would  correspond  to  frequency  offsets  on  the  order  of  100  MHz. 
This  Is  In  the  range  of  acousto-optic  beam  deflectors.  We  note  that 
t  Is  of  the  same  order  of  magnitude  as  the  duration  of  the  laser 
pulse  such  that  the  fringe  pattern  moves  a  fraction  of  a  fringe  or  a 
few  fringes  at  the  most  during  the  time  of  the  pulse. 
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APPENDIX  A- 2 
GAIN  COMPUTATIONS 


The  gain  of  the  pump-probe  Interaction  In  the  liquid-dye  sample 
was  determined  using  measurements  depicted  In  Figure  A2-1 .  Pump 
radiation  Incident  from  the  left  In  Figure  A2-l(a)  Interacts  with 
the  signal  or  probe  radiation  Incident  from  the  right  to  provide 
amplification  or  gain  to  that  probe  radiation.  The  amplified  radia¬ 
tion  Intensity  Is  detected  using  the  beamsplitter,  BS,  and  the  de¬ 
tector  shown,  and  Is  represented  by  a  measurement  V_.  The  probe 
or  signal  radiation  In  the  absence  of  gain  Is  measured  as  Vp  In 
Figure  A2-1(b)  and  Is  attained  by  simply  blocking  the  Incident  pump 
wedlatlon  prior  to  the  beamsplitter.  Since  the  pump  radiation  Is 
much  stronger  than  the  probe  radiation,  background  radiation  due  to 
scattering  or  reflections  from  the  beamsplitter,  lenses,  windows  or 
the  liquid  sample,  may  be  significant.  This  background  Is  measured 
by  Vb,  shown  In  Figure  A2-1 (c )  by  simply  blocking  the  Incident 
probe  radiation. 

The  gain  Is  assumed  to  be  exponential,  such  that  the  transmission 
of  the  sample  In  the  presence  of  pump  radiation  Is 


T 


Y 


P 


The  gain  coefficient  g  Is  computed .as 


The  I  In  the  denominator  Is  the  Intensity  of  the  pumping  radiation 
multiplied  by  the  Interaction  length  l  In  the  focal  region  where  the 
stimulated  scattering  and  the  gain  occur.  (This  might  be  considered 
as  a  special  case  of  forced  Rayleigh  scattering  [8]  where  e  ■  180* 
and  the  pump  radiation  Is  Its  own  degenerate  probe.)  The  pump 
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Va 

(a)  Signal  Radiation  Gain 


(b)  Signal  Alone 


Figure  A2-1  Gain  Measurements.  Pump  radiation  Is 
designated  by  a  double  arrow;  probe  and 
stray  radiation  are  designated  by  a  single 
arrow. 
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Intensity  In  the  focal  region  In  watts  cm  Is  simply  the  raw 
laser  power,  P^,  divided  by  the  area  of  the  waist  whose  diameter 
Is  «.  The  length,  |,  of  the  focal  region  where  the  Intensity  Is 
highest  and  where  the  nonlinear  optical  Interaction  occurs  Is  defined 
as  the  confocal  parameter  [9]  or  the  Rayleigh  range  [10] 


Therefore,  we  have 


To  first  order,  I  Is  Independent  of  focal  spot  size  or  Interaction 
length  and  therefore  is  independent  of  the  choice  of  focal  length  or 
f- number  of  focusing  optic.  We  may  write  our  final  equation  for  the 
gain  coefficient  as 
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APPENDIX  A-3 

STIMULATED  SCATTERING  AT  90* 

Stimulated  scattering  Is  commonly  observed  In  the  backward  (180*1 
direction  not  because  the  gain  Is  greatest  for  this  direction  but 
because  of  the  geometry  of  the  propagating  beam  of  radiation.  The 
nonlinear  amplification  depends  upon  the  field  Intensity  of  the  radi¬ 
ation  and  upon  the  nonlinear  susceptibility  of  the  material  medium. 
In  the  focal  region  of  a  spherical  lens  as  shown  In  Figure  A3-1,  the 
field  Intensity  Is  high  and  the  coefficient,  g,  for  SBS  and  STRS  Is 
roughly  the  same  In  all  but  the  forward  direction.  (More  precisely, 
a  sin  e/2  distribution  Is  encountered.)  Although  the  gain  coeffi¬ 
cient  for  a  given  medium  Is  roughly  constant,  the  amplification  proc¬ 
ess  Is  exponential  as 

U 

Is(l)  -  Is(0)  e  L 

where  IL  Is  the  laser  Intensity  I$  Is  the  stimulated  scattered 

radiation  and  i  Is  the  Interaction  length.  Although  there  Is  ampli¬ 

fication  of  radiation  In  all  directions  In  Figure  A3-1,  f  Is  very 
small  In  all  except  the  forward  and  backward  directions.  For  such  a 
geometry,  since  g  Is  zero  In  the  forward  direction,  this  leaves  stim¬ 
ulated  scattering  In  the  backward  direction  l.e.,  for  e  «  180*.  (Vie 
note  that  the  gain  coefficient  for  SRS  Is  high  In  the  forward  direc¬ 
tion  also  and  as  such,  SRS  Is  observed  In  both  the  forward  and  back¬ 

ward  directions  using  the  geometry  of  Figure  A3-1.) 

If  we  consider  a  material  medium  In  Figure  A3-2  to  be  the  same 
as  that  In  Figure  A3-1,  then  the  gain  coefficient,  g,  should  be  the 
same.  Since  a  cylindrical  rather  than  a  spherical  lens  Is  used  how¬ 
ever,  the  focal  volume  Is  now  an  elongated  region  which  Is  oriented 
transverse  to  the  direction  of  propagation  of  the  radiation.  Since 
i  Is  longest  for  a  scattering  angle,  e,  of  90*  amplification  can  be 
expected  to  be  greatest  In  this  direction. 
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Examining  this  gain  process  on  a  microscopic  scale,  Figure  A3-1 
can  be  used  to  visualize  the  interference  between  backscattered  radi¬ 
ation  and  forward  propagating  laser  radiation  to  produce  interference 
fringes  whose  iso-density  planes  are  perpendicular  to  the  laser  prop¬ 
agation.  The  planes  are  separated  by  xQ/2n  and  are  able  to  Bragg 
reflect  incoming  laser  radiation.  In  Figure  A3-2,  the  dominant 
interference  Is  between  90°  scattered  radiation  and  the  forward  prop¬ 
agating  laser  radiation  to  create  iso-density  fringes  oriented  at  a 
45°  angle.  These  fringes  behave  as  a  45°  (Bragg)  mirror  to  reflect 
the  laser  radiation  at  90°.  The  reflected  radiation  and  laser  radia¬ 
tion  interfere  together  to  further  amplify  the  isodensity  fringe 
planes  which  enhances  their  reflectivity.  The  iso-density  planes 
are  phase  gratings  which  grow  exponentially  to  strongly  reflect  the 
incident  laser  radiation.  The  reflected  radiation  also  grows  expo¬ 
nentially  until  the  incident  laser  radiation  is  depleted. 
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Optical  control  using  stimulated  light  scattering 
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Abstract.  The  use  of  stimulated  light  scattering  as  a  means  for  achieving 
optical  control  functions  directed  toward  an  optical  computer  is  described. 
Stimulated  thermal  Rayleigh  scattering  is  seen  to  be  a  preferred  nonlinear 
optical  mechanism  when  compared  with  the  more  familiar  stimulated 
Raman  and  stimulated  Brillouin  scattering.  It  possesses  the  highest  gain, 
the  lowest  threshold,  and  scattered  radiation  that  is  approximately  the 
same  frequency  as  the  inducing  radiation.  Optical  control  functions  such 
as  optical  bistable  switching,  optical  amplification,  and  optical  limiting  or 
clipping  are  described. 


Subject  terms:  digital  optical  computing;  nonlinear  optics;  stimulated  scattering; 
stimulated  thermal  Raleigh  scattering. 
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I.  INTRODUCTION 

Of  the  stimulated  scattering  mechanisms,  stimulated  Raman 
scattering  (SRS)  is  probably  the  best  known.  It  is  used  pri¬ 
marily  as  a  frequency-shifting  mechanism  for  generating  new 
wavelengths  from  pulsed  lasers.  Stimulated  Brillouin  scatter¬ 
ing  (SBS)  is  known  primarily  for  its  undesirable  characteris¬ 
tics  of  ( I )  inducing  damage  in  material  media,  including 
solid-state  laser  rods.  (2)  being  a  limiting  mechanism  for 
SRS.  and  (3)  limiting  the  amount  of  radiation  power  density 
that  can  be  tolerated  in  liber  and  integrated  optical  wave¬ 
guides.  Because  the  attributes  of  SBS  have  been  primarily 
negative,  work  is  generally  directed  toward  eliminating  its 
presence.  Stimulated  thermal  Rayleigh  scattering  (STRS)  is 
similar  to  SRS  and  SBS  but  is  less  well  known  since  like  SBS 
practical  applications  have  yet  to  be  demonstrated  and  unlike 
SBS  it  is  seen  only  in  media  that  are  specially  prepared  to  be 
adequately  absorbing.  In  this  paper,  we  describe  the  mechan¬ 
ism  of  stimulated  scattering  and  show  how  STRS  in  particular 
can  be  put  to  use  as  an  optically  bistable  switch,  an  amplifier 
of  optical  radiation,  and  an  optical  limiter. 


InvilcU  Paper  tIT-IMI  received  Sept.  12.  tUXS;  revised  manuscript  received 
Oct.  3.  I<*X5;  accepted  for  publication  Oct  3,  IVX.V  received  by  Managing 
Editor  Oct.  9.  IVX5. 
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2.  STIMULATED  SCATTERING 

Optical  radiation  passing  through  a  material  medium  is 
weakly  scattered  in  all  directions  by  random  fluctuations  in 
the  index  of  refraction.  This  scattering  process  may  be  viewed 
as  a  diffraction  phenomenon  in  which  the  random  index  fluc¬ 
tuations  are  Fourier-decomposed  into  a  three-dimensional 
collection  of  sinusoidal  phase  gratings  representing  a  con¬ 
tinuum  of  spatial  frequencies  and  a  continuum  of  orientations 
in  space,  i.c..  a  continuum  of  grating  k-vectors.  Random 
acoustic  disturbances  in  the  medium  lead  to  phase  gratings 
that  propagate  at  the  speed  ol  sound,  and  random  temperature 
variations  in  the  medium  lead  to  nonpropagating  phase  grat¬ 
ings  with  linitc  lifetimes.  The  former  leads  to  spontaneous 
Brillouin  scattering,  and  the  latter  leads  to  spontaneous 
Rayleigh  scattering. 

Experiments  using  high  power  ruby  lasers1'4  showed  that 
those  Fourier  components  that  lead  to  backscattered  radiation 
will  beat  with  the  forward-traveling  laser  radiation  in  the 
presence  of  a  nonlinear  medium  to  generate  a  density  wave 
that  precisely  matches  the  phase  grating  that  causes  the  spon¬ 
taneous  scattering.  The  magnitude  of  the  phase  grating  is 
thereby  amplified,  which  leads  to  more  backscattering  and  so 
on.  This  process  continues  on  a  subnanosecond  time  scale, 
and  if  the  power  density  of  the  laser  is  adequate  and  the 
material  medium  is  sufficiently  nonlinear,  then  most  of  the 
laser  radiation  can  be  redirected  into  the  backward  direction. 
Such  intense  scattering  is  referred  to  as  stimulated  scattering. 
If  the  amplified  material  wave  is  a  propagating  acoustic  wave 
(acoustic  phonon)  and  the  radiation  is  Doppler-shifted,  this  is 
stimulated  Brillouin  scattering.  If  the  material  wave  is  a  non¬ 
propagating  thermal  wave,  this  is  stimulated  thermal  Rayleigh 
scattering.  (Stimulated  Raman  scattering  and  stimulated  Ray¬ 
leigh  wing  scattering  (SRWS)  are  analogous  processes  in¬ 
volving  optical  phonons  and  orientational  fluctuations,  re¬ 
spectively.  | 

2.1.  Gain  equations 

The  theory  for  SBS  and  STRS  shows  that  electrostriction  and 
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absorptive  heating,  respectively,  are  the  mechanisms  that  lead 
to  a  nonlinear  polarisation  of  the  material  medium.4-6  This 
nonlinear  polarization  provides  a  driving  term  in  Maxwell's 
wave  equation  and  leads  to  coupling  between  the  strong  inci- 
dent  and  weak  scattered  radiation  to  amplify  the  latter.  The 
unsaturated  amplification  is  found  to  be  exponential  as 

l*(/)  *  ls(0)exp<glL/) .  <l> 

where  g  is  the  gain  coefficient  for  stimulated  scattering,  it.  is 
the  incident  laser  intensity,  /  is  the  interaction  length  in  the 
nonlinear  medium,  and  U<0)  and  l*</)  are  the  scattered  radia¬ 
tion  intensities  before  and  after  amplification,  respectively. 

Table  I  provides  representative  values  of  the  gain  coeffi¬ 
cient  for  the  different  stimulated  processes.6  Also  included  in 
the  table  are  the  magnitudes  of  the  frequency  shift  Av  of  the 
scattered  radiation  compared  to  the  incident  laser  radiation, 
and  the  lifetimes  of  the  stimulated  processes. 

Although  STRS  is  not  as  well  known  as  SBS  and  SRS.  the 
gain  of  absorption -assisted  SIRS  is  significantly  greater. 
“Absorption-assisted"  means  that  an  absorbing  dye  has  been 
added  to  the  material  medium  to  enhance  the  thermal  interac¬ 
tion.  Another  feature  of  S  I  RS  that  makes  it  more  valuable 
that  the  other  stimulated  processes  for  optical  switching  and 
control  is  its  small  frequency  shift.  Whereas  all  of  the  other 
stimulated  processes  represent  frequency  shifts  that  corre¬ 
spond  to  many  laser  linewidths.  the  STRS  shift  is  less  than  a 
single  laser  linewidth  and  for  many  purposes  may  be  con¬ 
sidered  as  essentially  unshifted  in  frequency. 

Herman  and  Gray4''  have  placed  SBS  and  STRS  onto  a  firm 
theoretical  ground  using  the  hydrodynamic  equations  modi¬ 
fied  to  include  the  effects  of  electrostriction  fSBS)  and  ab¬ 
sorptive  heating  (STRS)  to  describe  the  effect  of  the  radiation 
on  the  density  of  the  medium.  The  density  fluctuations  couple 
to  Maxwell’s  wave  equation,  which  when  solved  provides  an 
expression  for  the  imaginary  part  of  the  nonlinear  susceptibil¬ 
ity  Xnl-  For  STRS  one  obtains' 

,n)  xsi«s  „  (jLtlV 

Xv'  M  V  1  '  yc, 

x  - ^ - .  .2) 

(Awi:*-(IV2  IV2)* 

where  ^  is  the  molecular  polarizability.  M  is  the  molecular 
mass.  <n:  +  2):/9  is  a  local  field  correction.  &  is  the  thermal 
expansion  coefficient,  n  is  the  refractive  index,  c  is  the  speed 
of  light  in  vacuum,  n  is  the  absorption  coefficient,  y  is  the 
ratio  of  specific  heats.  c„  is  the  specific  heat  at  constant 
volume.  Am  =  u»t  -  u»x  is  the  difference  between  the  laser 
radian  frequency  and  that  of  the  scattered  light,  and  P,  and  T* 
are  the  laser  linewidth  and  spontaneous  Rayleigh  linewidth. 
respectively.  The  gain  coefficient  can  be  expressed  as 

2ir  Im 

<3> 

where  is  the  wavelength  of  the  radiation  and  «„  is  the 
dielectric  constant  in  vacuum. 

2.2.  Phase  matching 

In  order  to  have  gain  in  an  optical  interaction,  the  generated 
photons  must  be  in  phase  with  each  other.  Gain,  and  therefore 
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TABLE  I.  Typical  Gain  Factors  f  Frequency  Differences  a».  and  life¬ 
times  r  of  Stimulated  Scattering  Phenomena* _ 


g  (cm.  MW) 

Avlcm  ’) 

r  (ns) 

SBS 

0  05 

0.1 

0  1  to  1 

STRS 

Transparent  madia 

0.0002 

10-’ 

20 

Absorption-assisted 

0.2 

10  * 

20 

SRWS 

0.001 

50 

0  001 

SRS 

0.002 

1000 

001 

SCS* 

0.001 

10  * 

5 

‘Stimulated  concentration  scattering 


phase  matching,  arc  assured  for  stimulated  scattering,  pro¬ 
vided  that  the  laser  spectral  linewidth  is  adequately  narrow  in 
generator  experiments  where  amplification  originates  from 
spontaneously  scattered  noise  radiation.  For  amplification  ex¬ 
periments  using  an  injected  signal,  both  the  pump  and  signal 
radiation  must  be  sufficiently  narrow  in  linewidth  and  prop¬ 
erly  matched  in  frequency.  A  slight  Stokes  shift  in  frequency, 
equal  to  one-hall' the  laser  linewidth  or  less,  may  be  required 
of  the  signal  radiation  in  order  for  it  to  experience  maximum 
gain. 

The  Fourier  component  of  the  random  density  fluctuation 
that  initiates  the  stimulated  scattering  satisfies  the  Bragg 
condition7 

X  *  2,\  sin  -7*  B  .  (4» 


where  A  is  the  spatial  period  of  the  Fourier  component  and  B 
is  the  angle  through  which  an  incident  photon  is  scattered 
The  scattered  photon  with  wave  vector  k,  beats  with  the 
incident  radiation  k,  to  generate  a  new  density  wave  with 
wave  vector  K  satisfying  the  momentum  matching  condition 

kt  »  k.  +  K  .  (5i 

Equations  (4)  and  (5)  are  equivalent  since  B  is  the 
angle  between  kt  and  k.  and  the  grating  vector  K  =  2  tt  \ 
The  generated  wave  is  identical  to  the  initial  Fourier  com¬ 
ponent. 

Radiation  of  finite  linewidth  produces  density  waves,  or 
phase  gratings,  whose  spatial  frequencies  are  distributed  To 
assure  phase  matching  of  the  scattered  radiation,  or  equiva¬ 
lently  to  assure  that  the  superposition  of  phase  gratings  is  not 
washed  out.  the  spectral  linewidth  of  the  laser  radiation  in 
wave  numbers  must  be  much  less  than  the  reciprocal  of  the 
interaction  length  /.  This  should  not  be  a  problem  for  most 
laser  sources. 

Phase  matching  of  the  scattered  radiation  is  entailed  in  the 
theoretical  analysis  of  Herman  and  Gray.4  3  It  is  manifest  in 
the  frequency-dependent  part  of  Eq.  (2).  For  an  infinitesi¬ 
mally  narrow  laser  (IY  m  0).  the  gain  maximizes  at  Aw  * 

This  lR  is  equal  to  the  reciprocal  of  the  lifetime  of  the  thermal 
grating.  The  IV  that  appears  with  l’R  is  due  to  the  convolution 
of  the  laser  profile  with  the  ideal  gain  profile. 

It  should  be  stressed  that  the  physical  mechanism  of  the 
stimulated  scattering  interaction  is  essentially  the  same  otf- 
axis  as  it  is  on-axis  for  backscattering.  Stimulated  backscat- 
tering  is  routinely  demonstrated  primarily  because  spherical 
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lenses  arc  commonly  used  that  produce  an  axial  focal  volume. 
If  oplicx  arc  used  dial  pro\  idc  (he  l«*ngcst  interaction  length  in 
an  off-axis  direction  fusing  an  off-axis  resonator"  or  cylindri¬ 
cal  optics),  then  off-axis  stimulated  scattering  dominates. 

3.  OPTICAL  IMPLEMENTATIONS 

Stimulated  scattering  processes  have  been  studied  primarily 
with  the  goal  of  understanding  the  particular  radiation-matter 
interactions  involved.  Although  much  excellent  experimental 
work  has  been  conducted  in  stimulated  scattering,  very  little 
creativity  has  been  expressed  (except  for  SRS)*  in  the  use  of 
multiply  interacting  beams,  resonant  cavities,  or  novel  optical 
geometries  in  order  to  find  useful  applications  for  the  phe¬ 
nomena.  In  the  following  we  present  optical  control  functions 
implemented  with  the  standard  on-axis  optical  beam  geometry 
and  also  control  functions  implemented  using  cylindrical,  or 
possibly  conical,  optics. 

J.  I .  Optical  bistable  switching 

figure  I  shows  iIh*  standard  experimental  configuration  for 
generating  stimulated  scattered  radiation.  Since  power  den¬ 
sities  of  MW/cm:  are  required  to  see  these  nonlinear  effects, 
the  laser  radiation  is  focused  into  the  material  medium.  Figure 
2(a)  depicts  the  incident  laser  pulse  intensity  I  as  a  function  of 
time  (typical  times  correspond  to  tens  of  nanoseconds),  and 
the  transmitted  and  backscattcred  intensities  I,  and  Is.  respec¬ 
tively  Experiments  studying  SBS  show  the  existence  of  a 
distinct  threshold  that  is  characteristic  of  stimulated  scatter¬ 
ing.  followed  by  strong  backscattcred  radiation.  A  steady- 
state  condition  can  be  observed  shortly  alter  the  threshold  is 
exceeded.1* 

Figure  2(b)  shows  that  optical  bistability  is  manifested  in 
the  stimulated  interaction.  As  the  incident  radiation  increases, 
no  backscattcred  wave  is  observed  until  the  threshold  is  ex¬ 
ceeded.  Beyond  threshold  the  backscattcred  intensity  in¬ 
creases  with  that  of  the  incident  radiation.  Once  the  maximum 
l,„  is  reached  and  I  falls  to  smaller  values.  U  follows  the  same 
path  until  I  approaches  its  threshold  value  l,h.  at  which  point 
the  downward  path  differs  from  the  upward  path.  This  region 
of  hysteresis,  or  memory,  is  the  bistable  region  and  possesses 
the  potential  for  use  as  an  optically  bistable  switch. 

3.2.  Optical  amplification 

Equation  1 1 )  and  the  discussion  above  show  that,  in  generator 
experiments  such  as  depicted  in  Figs  I  and  2.  spontaneous 
noise  behaves  as  a  weak  signal  that  undergoes  orders  of  mag¬ 
nitude  <~-e"’>  of  amplification  in  generating  the  strong  back- 
scattered  stimulated  radiation.  One  would  expect,  and  it  has 
indeed  been  observed  experimentally.4  *  "  that  operation 
below  threshold  leads  to  amplification  of  counterpropagating 
signal  radiation.  The  primary  requirement  for. the  injected 
signal  radiation  is  that  it  be  spectrally  narrow  and  match  the 
frequency  of  the  strong  pumping  radiation.  This  is  most  easily 
accomplished  by  deriving  both  the  pump  and  signal  beams 
from  the  same  laser  source. 

Amplification  should  also  be  possible  in  an  dff-axis 
geometry,  as  described  in  the  following  section. 


‘Nonlinear  Raman  spectroscopies  such  as  CARS  and  RIKES  are  use¬ 
ful  offspring  of  SRS  that  resulted  from  creative  experiments  using 
novel  optical  geometries. 


n. 


o 

Fig.  1.  Generator  experiment  for  stimulated  scattering.  Detectors  D. 
Dt,  end  Da  measure  incident,  transmitted,  and  stimulated  radiation, 
respectively,  for  Interactions  in  nonlinear  medium  M. 


I 


Fig.  2.  (a)  Temporal  characteristics  of  stimulated  scattering.  1. 1,.  and 
It  are  the  Incident,  transmitted,  and  stimulated  radiation,  respec¬ 
tively.  lb)  Bistable  characteristics  of  stimulated  scattering. 


3.3.  Off-axis  geometry 

The  various  stimulated  scattering  mechanisms  compete  with 
each  other  lor  the  laser  energy,  and  the  one  with  the  largest 
gain  is  the  one  (hat  is  stimulated  Suppression  ot  SBS  in  order 
to  observe  SRS  is  commonly  known.  It  is  less  well  known  that 
a  given  stimulated  scattering  mechanism  also  competes  with 
itself  based  upon  geometrical  considerations. 

Most  stimulated  scatterings  arc  observed  on-axis  because 
the  interaction  length  /  in  Eq.  ( I )  is  greatest  in  the  backward 
or  forward  direction  such  that  the  amplification  is  strongest 
on-axis.  If  a  resonant  cavity  is  placed  off-axis  around  the 
interaction  region  such  that  the  cavity  center  line  establishes 
the  direction  of  maximum  gain,  then  the  stimulated  scattering 
is  observed  in  the  off-axis  direction.  This  has  been  observed 
with  SBS  * 

The  use  of  cylindrical,  or  possibly  conical,  optics  might 
also  provide  a  useful  means  of  achieving  off-axis  gam  and 
switching.  Figure  3(a)  depicts  the  line  focus  obtained  when  a 
beam  of  laser  radiation  is  focused  by  a  cylindrical  lens  Spon¬ 
taneous  scattering  occurs  in  all  directions,  and  the  highest 
gain  is  within  the  line  focus  where  I  is  the  highest.  To  exceed 
threshold  for  stimulated  scattering,  however,  requires  that  the 
gain  exceed  the  loss.  The  gam  is  highest  along  the  direction  of 
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n»  J.  Off-axis  — metrtea  for  sdmulaiad  mmHm  imM«  (a)  eytto- 
drical  and  lb)  conical  op«a*. 


the  line  focus.  and  therefore  threshold  is  first  reached  in  a 
directum  that  is  at  DU*  with  respect  to  the  axis  of  the  incident 
laser  beam. 

Note  that  the  density  wave  that  is  amplified  in  the  inter¬ 
action  of  Fig.  I  using  spherical  optics  has  its  isodensity  planes 
perpendicular  to  the  directions  of  propagation  of  the  optical 
radiation  li.e..  the  k- vector  of  the  phase  grating  is  at  0°  and 
the  k-vectors  of  the  incident  and  scattered  radiation  are  at  If* 
and  ISO*,  respectively!.  Theory  shows7  that  gain  for  stimu¬ 
lated  scattering  follows  a  sin  (0/21  dependence  such  that 
backscattehng  dominates  over  forward  scattering.  The  use  of 
cylindrical  optics  utilizes  (and  amplifies)  density  waves 
whose  isodensity  planes  are  at  43*  with  respect  to  the  laser 
beam  axis  (i.e. .  the  grating  k-vector  is  at  45*  and  the  k-vectors 
of  the  incident  and  scattered  radiation  are  at  0*  and  90*. 
respectively).  By  symmetry,  neither  direction  along  (he  line 
focus  is  preferred,  and  bidirectional  stimulated  scattering  is 
expected.  A  unidirectional  output  might  he  obtained  by  sim¬ 
ply  placing  a  mirror  in  one  of  the  beams  of  scattered  light  in 
order  to  fold  it  hack  to  the  interaction  region  lor  further 
amplification.  The  use  of  conical  optics  as  shown  in  Fig.  3(b) 
can  also  provide  unidirectional  off-axis  output  since  gain  is 
higher  in  the  hack  direction  than  in  the  forward. 

Switching  and  amplification  functions  can  be  implemented 
in  the  off-axis  direction  by  proper  choice  of  the  magnitude  of 
the  incident  or  pump  radiation.  The  off-axis  geometries 
should  exhibit  those  same  characteristics  depicted  in  Fig.  2. 
Consider  the  following  four  optical  control  functions: 

(a)  Self-switching  If  the  pump  radiation  exceeds  threshold, 
then  the  radiation  is  coupled  efficiently  to  an  off-axis 
direction. 

(b)  Control  switching  If  the  pump  radiation  is  below  thresh¬ 
old  but  above  the  steady -sute  value,  then  signal  radiation 
injected  along  the  region  of  highest  gain  switches  the 
pump  radiation  from  its  on-axis  propagation  to  off-axis 
propagation. 

(c)  Amplification.  If  the  pump  radiation  is  well  below  thresh¬ 
old.  then  signal  radiation  injected  along  the  region  of  gain 
is  amplified  hy  coupling  energy  from  the  on-axis  pump 
beam  into  the  olf-axis  direction  of  the  signal  beam. 

(d)  Optical  transistor.  Operating  in  the  amplification  mode, 
if  the  pump  radiation  is  amplitude-modulated,  since  the 

1<»  /  OPTICAL  MQMMfiMQ/ January  1M(/VM  .MNa.  I 


gain  is  nonlinear,  (he  stimulated  scattered  radiation  is 
modulated  with  a  greater  amplitude. 

3.4  Optical  limiting/cMpping 

The  last  optical  control  function  discussed  is  that  of  limiting 
or  clipping.  Figure  2  shows  this  most  clearly.  Once  threshold 
has  been  exceeded,  excessive  radiation  is  converted  into  stim¬ 
ulated  radiation  U.  such  that  the  radiation  remaining  m  the 
incident  beam  It  is  of  nearly  constant  intensity. 

4.  DISCUSSION 

For  a  control  technique  to  be  useful  for  optical  computing 
applications,  it  must  he  accessible  at  modest  optical  energies 
Table  I  shows  that  absorption-assisted  SIRS  has  the  highest 
gain  and  therefore  is  the  best  candidate  for  low  energy  opera¬ 
tion.  The  tabulated  gain  coefficient  is  0.2  cm/MW.  although  a 
gain  of  0.8  cm/MW  has  been  observed  experimentally  using 
I]  dye  in  CCI4  liquid. 4  ,1  (The  measured  gain  coefficient  tor 
CCI4  is  in  agreement  with  theoretical  predictions  )  Examina¬ 
tion  of  Eq.  ( I )  shows  that  since  amplification  t<  highest  for 
high  optical  intensity,  one  might  expect  lowest  thresholds  lor 
a  tightly  focused  Gaussian  (TKM...I  laser  beam.  A  more  care¬ 
ful  examination  of  the  focusing  of  a  Gaussian  profile  beam 
shows,  however,  that  the  length  of  the  focus  /.  which  repre¬ 
sents  the  interaction  length,  decreases  as  the  square  of  the 
focused  beam  diameter  due  to  diffraction.7  It  can  be  easily 
shown  that 


where  Pi  is  the  power  in  a  TEM.»,  laser  beam  of  wavelength 
X.  Note  that  the  exponential  amplification  is  independent  of 
the  focused  beam  sire  and  the  interaction  length. 

Using  the  more  conservative  value  tor  g  o(  0.2  cm/ MW  and 
taking  K  to  be  0.3  |im.  significant  gains  should  be  realized  for 
laser  powers  in  excess  of  about  100  W  Actual  switching 
should  require  one  to  two  more  orders  of  magnitude  of  optical 
power,  but  since  the  switching  time  lor  S  I  RS  is  on  the  order 
of  nanoseconds,  the  switching  energy  is  seen  to  be  on  the 
order  of  several  microjoules.  These  power  and  energy  re¬ 
quirements  are  modest  and  may  be  improved  upon  if  more 
cl  lie  lent  materials  and  techniques  arc  developed. 

The  cylindrical  geometry  offers  such  an  improvement  in 
optical  efficiency.  Again  assuming  a  TEM,„  laser  beam  and 
diffraction-limited  optics,  one  can  determine  that 


|7| 


for  a  cylindrical  lens,  where  f/D  is  the  effective  f-number  of 
the  cylindrical  lens  being  used.  The  improvement  factor  of 
cylindrical  optics  compared  to  spherical  optics  is  the  quantity 
in  brackets.  It  should  be  possible  to  make  the  interaction 
length  I.  here  the  length  of  the  line  focus,  much  greater  than 
X .  If  a  small  enough  f-number  can  be  used  without  deleterious 
effects  due  to  diffraction,  then  the  requirements  on  PL  should 
be  considerably  less  than  those  computed  above  for  spherical 
optics. 

Absorptfim-assistcd  S  I  RS  is  most  readily  attained  in  liquid 
solvents  to  which  an  absorbing  dye  has  been  added  Although 
inorganic  and  simple  organic  liquids  (alcohols,  acetone,  etc  1 
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have  been  used  to  attain  STRS.  it  may  he  possible  to  tailor 
more  complex  organic*  with  desirable  thermodynamic  param¬ 
eters  such  as  a  high  thermal  expansion  coefficient  0  or  a  high 
molecular  polarizability  n.,,,.,,  in  order  to  increase  the  gain 
coefficient  and  therefore  further  lower  the  power  require¬ 
ments  Critical  point  phenomena  or  critical  opalescence  con¬ 
ditions  may  be  found  that  drastically  modify  the  thermody¬ 
namics  such  that  STRS  is  enhanced. 

5.  SUMMARY  AMO  CONCLUSIONS 

Stimulated  light  scattering  appears  to  be  a  viable  method  for 
achieving  optical  control  functions  for  application  to  optical 
computing  Of  the  various  stimulated  scatterings,  stimulated 
thermal  Rayleigh  scattering  is  clearly  the  best  choice.  It  pos¬ 
sesses  the  highest  gain  coefficient  and  does  not  suffer  from 
large  frequency  shifts  in  its  scattered  radiation  as  do  the  other 
stimulated  scatterings. 

Optical  control  I  unction*  such  a*  bistable  switching,  optical 
amplification,  and  limiting  or  clipping  can  be  achieved  with 
STRS.  These  can  be  achieved  with  a  laser  source  and  spher¬ 
ical  or  cylindrical  focusing  optics.  Switching  times  are  on  the 
order  of  nanoseconds,  and  optical  power  requirements  are 


hundreds  ot  wall*  or  less  The  use  ol  cylindrical  optic*  oiler* 
the  potential  tor  olf-axis  geometries  and  lower  optical  power 
requirements. 
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